Pharmacologic inhibition of acetyl-CoA carboxylase (ACC) enzymes, ACC1 and ACC2, offers an attractive therapeutic strategy for nonalcoholic fatty liver disease (NAFLD) through simultaneous inhibition of fatty acid synthesis and stimulation of fatty acid oxidation. However, the effects of ACC inhibition on hepatic mitochondrial oxidation, anaplerosis, and ketogenesis in vivo are unknown. Here, we evaluated the effect of a liver-directed allosteric inhibitor of ACC1 and ACC2 (Compound 1) on these parameters, as well as glucose and lipid metabolism, in control and diet-induced rodent models of NAFLD. Oral administration of Compound 1 preferentially inhibited ACC enzymatic activity in the liver, reduced hepatic malonyl-CoA levels, and enhanced hepatic ketogenesis by 50%. Furthermore, administration for 6 days to high-fructose-fed rats resulted in a 20% reduction in hepatic de novo lipogenesis. Importantly, long-term treatment (21 days) significantly reduced high-fat sucrose diet-induced hepatic steatosis, protein kinase C epsilon activation, and hepatic insulin resistance. ACCi treatment was associated with a significant increase in plasma triglycerides (approximately 30% to 130%, depending on the length of fasting). ACCi-mediated hypertriglyceridemia could be attributed to approximately a 15% increase in hepatic very low-density lipoprotein production and approximately a 20% reduction in triglyceride clearance by lipoprotein lipase (P ≤ 0.05). At the molecular level, these changes were associated with increases in liver X receptor/sterol response element-binding protein-1 and decreases in peroxisome proliferator-activated receptor-α target activation and could be reversed with fenofibrate co-treatment in a high-fat diet mouse model. Conclusion: Collectively, these studies warrant further investigation into the therapeutic utility of liver-directed ACC inhibition for the treatment of NAFLD and hepatic insulin resistance. (Hepatology 2018;68:2197-2211).
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N onalcoholic fatty liver disease (NAFLD) affects one in three Americans and is strongly associated with obesity, insulin resistance, type 2 diabetes (T2D), and cardiovascular disease.
(1) NAFLD encompasses a spectrum of pathologies ranging from simple steatosis to nonalcoholic steatohepatitis (NASH) and is a key predisposing factor for the development of cirrhosis and hepatocellular carcinoma. (2) NAFLD develops when the rate of fatty acid input (fatty acid uptake and de novo synthesis with subsequent esterification to triglycerides) exceeds the rate of fatty acid output (fatty acid oxidation and secretion of very low-density lipoprotein [VLDL] ). (3) Genetic and physiological mechanisms regulating these processes have developed during evolution to cope with starvation but become dysregulated in the face of nutritional oversupply. (4) In this setting, they converge to promote the accumulation of ectopic lipids leading to the development of NAFLD and hepatic insulin resistance, which increases the risk of fasting hyperglycemia and T2D. (2) Although the direction of causality for this relationship remains uncertain, (5) numerous studies have demonstrated that hepatic accumulation of the lipid moiety, diacylglycerols (DAGs), leads to the activation of protein kinase C epsilon (PKCɛ) and impairment of hepatic insulin action. (6) In parallel, dysregulated adipose tissue lipolysis as well as intrahepatic lipolysis can drive hepatic gluconeogenesis by increasing fatty acid flux to the liver, hepatic acetyl-CoA levels, and pyruvate carboxylase activity. (7) Collectively, these processes promote hepatic insulin resistance and increased rates of hepatic glucose production (HGP) that promote fasting and postprandial hyperglycemia in T2D. Moreover, they suggest that therapies targeted to prevent hepatic lipid accumulation may be efficacious for treating NAFLD, insulin resistance, and T2D.
Acetyl-CoA carboxylase (ACC) catalyzes the adenosine triphosphate-dependent condensation of acetyl-CoA and carbonate to form malonyl-CoA and plays a crucial role in fatty acid metabolism. (8) In mammals, there are two isoforms of the ACC enzyme: ACC1, which is primarily expressed in lipogenic tissues (liver, adipose, lactating mammary gland), and ACC2, which is primarily expressed in oxidative tissues (heart, skeletal muscle). (8) ACC1 is located in the cytosol and is responsible for the rate-controlling and first committed reaction in de novo lipogenesis (DNL). In contrast, the mitochondrial membraneembedded ACC2 negatively regulates fatty acid oxidation by producing localized malonyl-CoA, which allosterically inhibits carnitine palmitoyltransferase 1 (CPT1) and the transfer of long-chain CoAs into the mitochondria. (9) The importance of ACC as a drug discovery target to lower liver triglycerides by simultaneously reducing fatty acid synthesis and stimulating fatty acid oxidation has been strongly supported by genetic and pharmacological studies. (10) Specifically, we demonstrated that reducing hepatic expression of ACC1 and ACC2 using antisense oligonucleotides results in marked reductions in hypertriglyceridemia, hepatic triglyceride content, and reversal of hepatic insulin resistance in a high-fat-fed rodent model of NAFLD and hepatic insulin resistance. (11) In addition, a liverdirected allosteric inhibitor of ACC1 and ACC2 (GS-0976) has been shown to improve hepatic steatosis and markers of liver injury in patients with NASH and to reduce hepatic steatosis and dyslipidemia in rodent models of obesity. (12) (13) (14) Despite this, the effect of liver-directed ACC inhibition on hepatic mitochondrial oxidation, anaplerosis, and ketogenesis in vivo is unknown. Here, we performed a comprehensive set of metabolic flux analyses to assess these parameters in both chow-fed rats and rat models of diet-induced obesity (DIO). We hypothesized that chronic inhibition of hepatic ACC by Compound 1 (a liver-directed allosteric inhibitor of ACC) would lead to reduced hepatic fat content due to increases in hepatic mitochondrial oxidation and reduced DNL, which in turn would lead to increased hepatic insulin sensitivity. The data presented demonstrate that liver-directed inhibition of ACC significantly reduces hepatic steatosis and hepatic insulin resistance; however, long-term treatment was paradoxically associated with increased plasma triglycerides, consistent with a recent report on a prior clinical candidate. (15) As such, we also evaluated the effect of ACC inhibition on triglyceride metabolism and the effect of coadministration of a fibrate to understand the mechanism for this observation.
Materials and Methods

aNIMal StUDIeS
Male Sprague-Dawley (SD) rats were purchased from Charles River Laboratories. For high-fat diet supplemented with 1% sucrose drinking water (HFSD) studies, male SD rats were placed on a safflower oil-based high-fat diet (Dyets #112245) and supplemented with 1% (wt/vol) sucrose (Domino Foods Inc.) drinking water. Following 3 days of diet, rats were given 10 mg/kg body weight Compound 1 in approximately 200 mg of peanut butter (Skippy brand) or vehicle control once daily for 21 days. Unless otherwise stated, all rats were sacrificed by intravenous pentobarbital 2 to 6 hours following the last dose of Compound 1. Tissue samples were collected as described (7) and stored at -80 ºC until subsequent analyses. All procedures were approved by the Institutional Animal Care and Use Committee of Yale University School of Medicine. Mouse studies were conducted at Covance Central Laboratories. C57BL/6 mice were administered either a standard chow diet (Harlan Teklad Global Diets 2014, TD2014) or a high-fat, high-cholesterol diet (Research Diets Inc., DB12079B), herein referred to as a fast-food diet (FFD) (16) for at least 5 months. Mice were administered fructose/glucose in drinking water. Compound 1 was dosed at 1 to 10 mg/kg/day PO. Fenofibrate (0.1%) was administered in chow ad libitum in the FFD.
MetaBolIC FlUX aND HypeRINSUlINeMICeUglyCeMIC ClaMp StUDIeS
Metabolic flux studies and clamp studies were performed as described (17) and in the Online Materials and Methods.
DNl StUDIeS
Rats were fed a high-fructose (60%; Research Diets D02022704) diet and treated with 10 mg/kg body weight/day Compound 1 for 6 days. DNL was assessed according to established methods. (18) 
plaSMa aNalySIS aND lIpopRoteIN MeaSUReMeNtS
The lipid distribution in plasma lipoprotein fractions and plasma metabolites was assessed as described (17, 19) and in the Online Materials and Methods. β-hydroxybutyrate (βOHB) enrichment and endogenous glucose production (EGP) were measured by gas chromatography-mass spectrometry as described. (17) Hepatic mitochondrial fluxes were assessed by a combined 13 C nuclear magnetic resonance (NMR)/gas chromatography-mass spectrometry method using the positional isotopomer NMR tracer analysis as described. (20) Quantification of mouse plasma triglycerides and βOHB were performed by Metabolon.
HepatIC VlDl SeCRetIoN aND plaSMa lIpID CleaRaNCe
Hepatic VLDL-triglyceride secretion and plasma lipid clearance were measured as described. (21) The lipoprotein lipase (LPL) activity was assessed in preheparin and postheparin plasma using the LPL Activity Assay Kit from Cell Biolabs Inc. according to the manufacturer's instructions.
HepatIC lIpID aNalySIS
Rat liver triglycerides, DAGs, ceramides, longchain acyl-CoAs (LCCoAs), acylcarnitines, malonyl-CoA, and acetyl-CoA were extracted and measured by liquid chromatography-tandem mass spectrometry as described. (17, 22) Hepatic RNA isolation and real-time quantitative PCR analysis were performed as described. (22) The real-time quantitative PCR analysis of lipid metabolism-related genes was performed using the Rat Lipid Metabolism Tier 1 and 2 Arrays (Bio-Rad) according to the manufacturer's instructions. RNA sequencing, western blot analysis, and PKCɛ translocation were performed as described (22) and in the Online Materials and Methods.
StatIStICS
Statistics were performed as described in the Online Materials and Methods.
Results
CoMpoUND 1 taRget eNgageMeNt
To determine the potential of Compound 1 to exhibit in vivo efficacy, we measured ACC engagement and malonyl-CoA levels in the tissues of chowfed male SD rats after acute treatment (1.5 hours) with 10 mg/kg Compound 1 (ACCi) or vehicle control. Compound 1 interacts within the dimerization site of the biotin carboxylase domain of ACC1 and ACC2 and specifically binds to the negative regulatory adenosine monophosphate-activated protein kinase phosphorylation site (hACC1 R172 and hACC2 R277 ) (Fig. 1A,B) . By using a phospho-specific antibody that recognizes this site (pACC S79 ), we found that acute treatment with ACCi significantly inhibited our ability to detect hepatic pACC S79 (Fig. 1C) , thereby confirming Compound 1 engagement of ACC. Consistent with this, ACCi treatment significantly reduced hepatic malonyl-CoA levels (Fig. 1D) , whereas acetyl-CoA levels were unaffected (Supporting Fig. S1A-D) . Importantly, no appreciable differences were detected in the phosphorylation status of ACC or malonyl-CoA levels in other metabolic tissues, including gastrocnemius (muscle), heart, epididymal white adipose tissue, and brain (Fig. 1C,D) .
lIVeR-DIReCteD INHIBItIoN oF aCC eNHaNCeS HepatIC KetogeNeSIS aND ReDUCeS HepatIC lIpogeNeSIS
To explore the functional consequence of inhibiting ACC1 and ACC2, we measured in vivo rates of hepatic mitochondrial oxidation, anaplerosis, ketogenesis, and lipogenesis in male SD rats. In accordance with ACCi-mediated reductions in hepatic malonyl-CoA content (Fig. 1D ), acute treatment with 10 mg/kg ACCi significantly increased plasma βOHB and whole-body βOHB turnover compared with vehicle controls ( Fig. 2A,B) . Although no significant differences were observed in whole-body glucose turnover or fasting (∼6 hours) plasma glucose (Supporting Fig. S2A-C) , acute ACCi treatment significantly reduced plasma nonesterified fatty acids (NEFAs), most likely due to increased hepatic fat oxidation (Supporting Fig. S2G ). Plasma insulin, total cholesterol, and triglycerides were similar between treatment groups (Supporting Fig. S2D-F) .
We recently developed a positional isotopomer NMR tracer analysis method to measure changes in hepatic mitochondrial flux rates in awake rodents using [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]lactate and [1,2,3,4,5,6,6-2 H 7 ]glucose tracers. (20) Using this approach, we examined rates of hepatic pyruvate carboxylase flux (V PC ) and citrate synthase flux (V CS ) in awake, overnight-fasted chowfed rats after an intragastric bolus of 10 mg/kg ACCi or vehicle control. In agreement with the results obtained from the approximately 6-hour-fasted rats, no significant differences were detected in EGP or rates of hepatic mitochondrial oxidative (V CS ) and gluconeogenic fluxes from pyruvate carboxylase (V PC ) ( Fig. 2C-E; Supporting Fig. S2H-J) .
We next ascertained the physiological significance of inhibiting ACC1. To this end, hepatic DNL was assessed using deuterated water in highfructose-fed rats treated with ACCi or vehicle control ([10 mg/kg/day] × 6 days). Consistent with other reports, (15, 23) ACCi treatment markedly reduced hepatic DNL and triglyceride content in a timedependent manner by 23% to 36% and 43% to 61%, Representative western blots depicting pACC (S79) and total ACC (C) and malonyl-CoA (D) in the liver, gastrocnemius muscle (muscle), heart, epididymal white adipose, and brain of chow-fed male SD rats treated with an intragastric bolus of 10 mg/kg Compound 1 (ACCi) or vehicle control for 1.5 hours. HSP90 was used as a loading control. Quantification of blots shown on the right. Data are presented as mean ± SEM. n = 6 to 9 per treatment group. *P ≤ 0.05 by unpaired Student t test compared with vehicle control. Abbreviations: EGP, endogenous glucose production; AMPK, adenosine monophosphate-activated protein kinase; BC, biotin carboxylase; eWAT, epididymal white adipose. respectively (Fig. 2F) . Collectively, these studies demonstrate the in vivo efficacy of ACCi to significantly reduce hepatic ACC activity, increase fatty acid oxidation, and reduce hepatic DNL.
loNg-teRM INHIBItIoN oF aCC ReDUCeS HepatIC SteatoSIS BUt INCReaSeS FaStINg plaSMa tRIglyCeRIDeS aND NeFaS
To determine the long-term effect of ACC inhibition on glucose and lipid metabolism, male SD rats were fed an HFSD, a model that explores the ability of ACCi to reverse diet-induced NAFLD and insulin resistance by increasing fat oxidation and/or inhibiting DNL. To induce hepatic steatosis, rats were fed an HFSD for 3 days and then treated orally with 10 mg/ kg/day ACCi or vehicle control for 21 days (Fig. 3A) . This dose led to Compound 1 liver exposure of about 10 μM and inhibition of malonyl-CoA that approximated levels achieved clinically with GS-0976 ( Fig.  3B ,C). Importantly, Compound 1 muscle levels were close to the limit of quantitation (0.03 μM), thus further supporting the liver specificity of Compound 1 (Fig. 3B ). Body weight, fasting plasma glucose, insulin, C-peptide, total cholesterol, and βOHB were similar between treatment groups, whereas plasma high-density lipoprotein (HDL) cholesterol was significantly increased in overnight-fasted ACCi-treated rats compared with controls (Table 1) . Additionally, long-term inhibition of hepatic ACC did not alter plasma aminotransferases (Table 1) . Importantly, ACCi prevented HFSD-induced hepatic steatosis, as observed both macroscopically and microscopically by hematoxylin and eosin and Oil Red O staining (Fig. 3D) . Paradoxically, and consistent with human clinical data, long-term inhibition of ACC significantly increased plasma triglycerides by 30% to 130% (Table 1) , despite an approximate 70% reduction in hepatic triglyceride content (Fig. 3E ). Liver-directed inhibition of ACC also caused a 25% increase in fasting plasma NEFA concentration (Table 1) .
lIVeR-DIReCteD aCC INHIBItIoN IMpRoVeS HepatIC INSUlIN SeNSItIVIty
Hepatic steatosis is strongly associated with hepatic insulin resistance, at least in part by DAG-mediated activation of PKCɛ and subsequent impairment of insulin receptor kinase (IRK) activity through increased phosphorylation of IRK threonine 1160 (murine threonine 1150). (22) Given the ability of long-term ACC inhibition to significantly reduce Body weight, percentage of DNL, and hepatic triglyceride content in male SD rats fed a high-fructose diet (60%) for 6 days and treated with ACCi (10 mg/kg/day) or vehicle control. Rates of DNL were assessed in the hepatic fatty acid pool after 3 days of treatment with deuterated water. Rats were sacrificed 12 hours (n = 12-14 per treatment group) or 2 hours (n = 6 per treatment group) after dosing. Data are presented as mean ± SEM. *P ≤ 0.05 by paired Student t test compared with basal in each treatment group (A,B). *P ≤ 0.05 by unpaired Student t test compared with vehicle control (C-F). hepatic triglycerides, we next assessed whole-body and tissue-specific insulin action in weight-matched HFSD-fed rats using hyperinsulinemia-euglycemic clamp studies (Supporting Fig. S3A ). Oral administration of ACCi (10 mg/kg/day × 21 days) significantly reduced hepatic malonyl-CoA levels, whereas fasting plasma glucose concentrations were unchanged (Supporting Fig. S3B,C) . Under hyperinsulinemic conditions, the glucose infusion rate required to maintain euglycemia was similar between treatment groups ( Fig. 4A; Supporting Fig. S3D ) and insulin-mediated whole-body glucose disposal was unchanged (Fig.  4B) . However, ACCi treatment increased basal rates of hepatic glucose production (23%, P ≤ 0.05), which could be attributed to a 14% increase in hepatic acetyl-CoA levels (Fig. 4D) . In contrast, insulin-mediated suppression of EGP, indicative of hepatic insulin sensitivity, was significantly improved (Fig. 4E) . Because adipose tissue lipolysis can indirectly alter hepatic gluconeogenesis, we next assessed plasma NEFA concentrations during the hyperinsulinemic-clamp.
As shown in Fig. 4F and Supporting Fig. S3E , ACC inhibition did not significantly change plasma insulin levels or insulin-mediated suppression of circulating fatty acids, suggesting a direct hepatocellular effect for ACCi-mediated alterations in EGP. To understand the mechanism by which ACCi improved hepatic insulin sensitivity, we measured hepatic DAGs, ceramides, LCCoAs, acylcarnitines, and PKCɛ translocation in 6-hour-fasted HFSD-fed rats. Long-term inhibition of ACC resulted in a 27% reduction (P ≤ 0.05) in hepatic DAG membrane content ( Fig. 5A; Supporting Fig. S5A ), whereas hepatic lipid and cytosolic DAG content, LCCoAs, and acylcarnitines were unchanged (Supporting Figs. S4 and S5B,C). The ACCi-mediated reduction in membrane DAGs was associated with a significant decrease in PKCɛ translocation to the plasma membrane and increased hepatic insulin action, as reflected by a 2-fold to 3-fold increase in insulin-stimulated AKT and IRK phosphorylation (Fig. 5C,D) . Although total hepatic ceramide content was significantly decreased by ACCi treatment (Fig. 5B) , two ceramide species implicated in resistance (C16 and C18 ceramides (24, 25) ) were not statistically different between treatment groups (Supporting Fig. S5D ). Taken together, these data demonstrate that long-term inhibition of hepatic ACC reverses diet-induced NAFLD and hepatic insulin resistance by reducing DAG-mediated PKCɛ activation and improving hepatic insulin responsiveness.
INHIBItIoN oF HepatIC aCC INCReaSeS VlDl SeCRetIoN aND ReDUCeS lpl aCtIVIty
We next sought to define the mechanism responsible for the development of ACCi-mediated hypertriglyceridemia. To this end, we first measured plasma triglyceride concentrations in fast protein liquid chromatography-separated lipoprotein fractions from overnight-fasted HFSD-fed rats. Consistent with other reports, long-term inhibition of ACC primarily increased plasma triglycerides in the VLDL fraction (Fig. 6A,B) . Hypertriglyceridemia may represent an increase in VLDL-triglyceride production that overcomes peripheral clearance and/or from a decrease in clearance without a compensatory decrease in production. (26) As such, we measured triglyceride secretion in overnight-fasted ACCi-treated rats after injection of Poloxamer 405 to inhibit lipolysis of triglyceride-rich lipoproteins. (27) Surprisingly, long-term inhibition of ACC significantly increased hepatic VLDLtriglyceride release by 15% (Fig. 6C,D) , despite a marked reduction in hepatic DNL (Fig. 2F) . As LPLmediated triglyceride catabolism is another major determinant of circulating plasma triglycerides, (28) we also assessed plasma lipid clearance in ACCitreated HFSD-fed rats after an intravenous bolus of Intralipid. Long-term inhibition of ACC was also associated with a significant reduction in lipid clearance by LPL (Fig. 6E,F) .
DISeQUIlIBRIUM oF NUCleaR HoRMoNe ReCeptoR RegUlatIoN IN aCCI-tReateD RatS
To ascertain the molecular mechanism by which long-term ACC inhibition leads to alterations in triglyceride production and clearance, we performed unbiased gene expression arrays in HFSD-fed rats treated with 10 mg/kg/day ACCi or vehicle control. These studies revealed that the mRNA levels of many genes regulated by the nuclear transcription factors liver X receptor α (LXRα) and sterol response element-binding protein (SREBP1c) (Acc, Scd1 [stearoyl-CoA desaturase 1], Pnpla3 [patatin-like phospholipase domain containing 3], and Abca1 [ATP binding cassette transporter A1]) were significantly increased in the livers of ACCi-treated rats compared with controls (Supporting Fig.  S6 ). In contrast, the mRNA levels of genes regulated by peroxisome proliferator-activated receptor (PPARα), including Plin2, Fabp2, and Fabp4, tended to be reduced (Supporting Fig. S6 ). Importantly, these findings were recapitulated at the mRNA level with independent primers and at the protein level by western blotting. Of note, long-term ACCi treatment significantly increased SREBP1 protein expression and the mRNA and protein levels of SREBP1c target genes, (29) including ACC, fatty acid synthase, SCD1, and glycerol-3-phosphate acyltransferase mitochondrial (GPAT1) (Fig. 6G-I) . Consistent with this, liver-directed inhibition of ACC also significantly increased the hepatic 18:1/18:0 ratio, an indirect marker of SCD1 activity (Supporting Fig. S4A ). In contrast, ACCi treatment did not alter the protein expression of other genes (diacylglycerol o-acyltransferase 2 and microsomal triglyceride transfer protein) involved in triglyceride and lipoprotein synthesis, respectively ( Fig.  6G-I ). PPARα target genes also down-regulate the expression of the LPL inhibitor APOC3, (30) which showed a marked increase (P ≤ 0.05) in the plasma of ACCi-treated rats compared with controls (Fig.  6J) . Although angiopoietin-like protein 3, a negative regulator of LPL activity and LXR target gene, (31) was significantly increased at the mRNA level (Fig. 6G) , no significant differences were detected at the protein level (Fig. 6K) . Additionally, ACC inhibition significantly increased hepatic ABCA1 expression (Fig. 7G-I) , a key regulator of reverse cholesterol transport and plasma HDL cholesterol levels. (32) Collectively, this gene signature is consistent with other reports documenting a derepression of LXR/SREBP1 target genes caused by reduced levels of polyunsaturated fatty acids (PUFAs). (15, 33) Given that ACCi markedly reduces hepatic malonyl-CoA levels (Fig. 3C) , it is possible that this leads to a decrease in PUFAs and subsequent up-regulation of nuclear hormone signaling that ultimately drives increased VLDL-triglyceride secretion and reduced lipid clearance. Indeed, when we assessed PUFA levels in the triglyceride compartment of ACCi-treated livers, they were significantly reduced compared with controls (Supporting Fig. S7 ).
ppaRα agoNIStS ReVeRSe tHe plaSMa tRIglyCeRIDe INCReaSe INDUCeD By aCCI
In a liver-specific ACC1 and 2 double knockout (ACC DKO) mouse, (15) the PPARα agonist WY14643 was shown to reduce elevated plasma triglycerides. Moreover, in patients with NASH who developed hypertriglyceridemia during treatment with GS-0976 in a phase 2 study, coadministration with fenofibrate led to reductions in plasma triglycerides. (13) Therefore, we tested the ability of fenofibrate dosed in chow concomitantly with ACCi to ameliorate the increase in plasma triglycerides observed with ACCi alone in an established murine model of NASH with enhanced DNL (Supporting Fig. S8A ).
Mice were fed a diet high in fat, cholesterol, and fructose (FFD) for at least 5 months and treated with vehicle, ACCi (10 mg/kg once daily) or ACCi and fenofibrate (0.1% in chow) for 14 days. Substantial steatosis (approximately 20% steatotic area, with mean (Fig. 7A,B) . In agreement with the data generated in HFSD-fed rats, 28 days of ACCi treatment in FFD-fed mice significantly increased plasma triglycerides and significantly lowered hepatic triglycerides, cholesterol, and PUFAs and reduced expression of a PPARα signature and increased SREBP1c and its target genes (Fig. 7A,B and Supporting Figs. S8B and S9A,B) . After 2 weeks of dosing ACCi in this model, plasma triglycerides were significantly increased by 15% relative to vehicle-treated animals, whereas coadministration of fenofibrate in chow with ACCi significantly reduced plasma triglycerides relative to both the ACCi-treated group and the vehicle control group (Fig. 7C,D) . Of note, these changes were associated with reversed alterations in PPARα/LXRα/SREBP1 gene expression ( Fig. 7E and Supporting Fig. S10A-C) , suggesting that LXRα/SREBP1 activation and PPARα reduction are required for ACCi-mediated hypertriglyceridemia. The addition of fenofibrate did not affect the ACCiinduced reduction of liver triglycerides but significantly further decreased liver cholesterol (Supporting Fig. S11A,B) . In contrast to the 21-day treatment in rats fed an HFSD, plasma βOHB was significantly increased after 14 days of ACCi treatment in this mouse model (Supporting Fig. S11C) . Moreover, addition of fenofibrate significantly increased βOHB relative to ACCi alone (Supporting Fig. S11C ).
Discussion
Multiple studies support pharmacologic inhibition of ACC1 and ACC2 for the treatment of NAFLD through simultaneous inhibition of DNL and stimulation of fatty acid oxidation. (34) In particular, two clinical trials of the liver-directed ACC inhibitor GS-0976 found statistically significant decreases in hepatic steatosis and the marker of fibrosis tissue inhibitor of metalloproteinase 1 in patients with NASH and fibrosis. (12, 13) However, the effect of ACC inhibition on hepatic mitochondrial oxidation, gluconeogenesis, hepatic glucose production, and ketogenesis in vivo has not yet been explored. Moreover, liver-directed inhibition of ACC has been associated with elevated plasma triglycerides in some patients. (15) To understand the mechanism for these observations, we examined the impact of Compound 1 on lipid and glucose metabolism in chow-fed rats and rodent models of DIO. Specifically, we demonstrate that acute treatment with Compound 1 significantly reduces hepatic ACC activity and malonyl-CoA levels in chow-fed rats. These results are in agreement with other studies and reflect the specific liver-targeted biodistribution of Compound 1 (Fig. 3B) due to its preferential uptake into hepatocytes through the organic anion-transporting polypeptide transporters. (23, 35) Malonyl-CoA is a substrate for DNL and inhibits the transport of fatty acids into the mitochondria through negative regulation of CPT1, leading to inhibition of fatty acid oxidation. (9) Consistent with Compound 1's ability to lower hepatic malonyl-CoA levels, liver-directed inhibition of hepatic ACC significantly increased plasma βOHB and βOHB turnover in chow-fed rats, indicative of increased fatty acid oxidation. Interestingly, the rise in plasma ketones was not detected after longer-term inhibition of ACC in overnight-fasted HFSD-fed rats. Given that hepatic malonyl-CoA levels are lower in the fasting state than in the fed state (approximately 0.4 nmol/g versus approximately 2 nmol/g), it is not surprising that ACCi had no further effect on fatty acid oxidation. Indeed, we have demonstrated that antisense oligonucleotide-induced reductions in ACC in high-fat-fed rats only led to detectable increases in plasma ketones in the fed state. (11) Accordingly, in FFD-fed mice (fasted for only 4 to 6 hours prior to sacrifice) plasma βOHB was significantly increased by ACCi, and the addition of fenofibrate increased βOHB relative to ACCi alone.
An important contributor to lipid accumulation in rodent models of NAFLD and patients with NAFLD is elevated rates of hepatic DNL. (36) Here, liver-directed inhibition of ACC in rats led to a significant reduction in hepatic DNL and triglycerides after only 1 week of high-fructose feeding. Longerterm inhibition of hepatic ACC also markedly reduced hepatic triglycerides in rats fed an HFSD and mice fed an FFD independent of changes in body weight, which was likely a combined effect of ACCi-mediated reductions in DNL and increases in fatty acid oxidation. The marked reduction in hepatic steatosis was associated with improved hepatic insulin sensitivity due to decreased hepatic DAGs and a reduction in PKCɛ activation in the liver. Although other lipid intermediates have been shown to trigger diet-induced insulin resistance, ACCi treatment did not alter hepatic LCCoAs, acylcarnitines, or the ceramide species implicated in resistance (C16 and C18 (24, 25) ). Collectively, these data are consistent with studies reporting an association with reductions in DAG-mediated PKCɛ activation and improved hepatic insulin responsiveness at the level of IRK. (2) Despite the reduction in hepatic lipid accumulation and improved hepatic insulin sensitivity, as reflected by suppression of HGP during a hyperinsulinemic-euglycemic clamp, long-term ACC inhibition was associated with increases in rates of basal HGP in HFSD-fed rats. This increase was independent of changes in plasma insulin concentrations and likely reflects increases in hepatic acetyl-CoA content, which has been shown to increase hepatic gluconeogenesis through allosteric activation of pyruvate carboxylase. (7) The opposing effects of increased hepatic insulin sensitivity and increased HGP may explain the lack of an effect on fasting plasma glucose observed in this study and in patients with NASH treated for 12 weeks with GS-0976. (12, 13) The net effect of these changes on long-term glycemic control in patients with metabolic dysfunction requires further clinical investigation.
In agreement with recent clinical data, allosteric inhibition of ACC by Compound 1 was also associated with a significant rise in plasma triglyceride levels, despite a marked reduction in hepatic steatosis. (12, 13) These effects were mediated by a disequilibrium in nuclear receptor regulation due to a loss of hepatic malonyl-CoA, which is essential for the formation of PUFAs. n-3 and n-6 PUFAs act at the nuclear level to affect the expression of genes involved in lipogenesis and fatty acid oxidation. (33) Specifically, reduced SREBP1 activation by PUFAs has been proposed to be mediated by the inhibition of LXRα activity, (37, 38) a potent inducer of SREBP1 transcription, or by direct inhibition of SREBP1 proteolytic maturation. (39) PUFAs also act as endogenous ligands for PPAR and have been shown to stimulate hepatic fatty acid catabolism through the activation of PPARα and CPT1. Here, we demonstrate that ACCi treatment significantly reduced PUFAs in the hepatic triglyceride compartment and induced the expression of multiple LXR/SREBP1 target genes in HFSD-fed rats and FFD-fed mice, which led to increased hepatic VLDL secretion (Supporting Fig. S12 ). This was somewhat surprising given the marked reduction of hepatic triglycerides observed in ACCi-treated animals.
However, studies have shown that a large percentage of VLDL-triglycerides are derived from peripheral fatty acids and that GPAT1 plays an important role in channeling fatty acids into triglycerides for VLDL secretion. (36, 40) Indeed, Kim et al (15) recently reported that increased hepatic expression of GPAT1 was necessary for the increased VLDL secretion and subsequent hypertriglyceridemia observed in liver-specific ACC DKO mice.
Although our data are consistent with studies documenting increased plasma triglycerides following ACC inhibition in humans and rodents, (15, 41) there are several differences that warrant discussion. Studies generated from the Wakil laboratory were the first to report increased plasma triglycerides due to decreases in ACC activity. Specifically, they demonstrated that whole-body ACC2 KO mice fed a chow diet have a 30% increase in plasma triglyceride levels despite markedly lower hepatic triglycerides. Although the mechanism remains to be determined, it was postulated that the hypertriglyceridemia observed in ACC2 KO mice was due to the mobilization of triglycerides and fatty acids from peripheral organs to provide substrates for oxidation. (41) Given that Compound 1 is liver directed, it is unlikely that the rise in plasma triglycerides is due to mobilization of lipids from the periphery due to reduced malonyl-CoA; instead, the hypertriglyceridemia most likely results from a disequilibrium in hepatic nuclear receptor signaling pathways in an attempt to compensate for markedly low levels of hepatic DNL. Similar to observations by Kim et al., we demonstrate that ACC inhibition by Compound 1 results in an approximate 15% increase in VLDL secretion. However, we also report that liver-directed allosteric inhibition of ACC results in a 20% reduction in plasma LPL activity and corresponding decrease in triglyceride clearance. This is most likely a result of secreted factors that inhibit LPL activity, including PPARα-regulated APOC3. Although Kim et al. did not assess lipid clearance in their liver-directed ACC DKO mice, it is possible that reduced triglyceride catabolism also contributes to the rise in plasma triglycerides observed in their model. (15) The degree of ACC inhibition could ultimately determine the mechanism(s) that drive hypertriglyceridemia in rodents and humans. In particular, a recent study reported that allosteric inhibition of ACC markedly reduced hepatic steatosis and increased insulin sensitivity, without altering plasma triglycerides in rat models of DIO. (23) MK-4074 (a liver-directed inhibitor of ACC) was recently shown to increase plasma triglycerides in humans and mouse models of DIO. (15) ACC was completely inhibited by MK-4074 and in the liver-directed ACC DKO mice described by Kim et al. (15) Here, we used a dose of Compound 1 that better approximated the dose of GS-0976 (20 mg once daily) being assessed in human clinical trials. This may explain the different magnitudes of aberrant nuclear receptor signaling pathways and suggests that the mechanism for ACCi-mediated hypertriglyceridemia proposed in this study may be more relevant to ACC inhibitors that are currently under evaluation in clinical trials. Kim et al. showed that PUFA supplementation or the use of a PPARα agonist (WY14643) normalizes ACCi-mediated increases in plasma triglycerides. (15) Here, we demonstrate that coadministration of fenofibrate could ameliorate hypertriglyceridemia and stimulate fatty acid oxidation in FFD-fed mice.
In conclusion, the present study demonstrates that liver-directed allosteric inhibition of ACC significantly reduces hepatic malonyl-CoA levels, percentage of DNL, and hepatic triglycerides. Using stable isotope tracers, we also report that acute ACCi treatment significantly increases whole-body βOHB turnover in chow-fed rats, without altering whole-body glucose turnover or rates of hepatic mitochondrial citrate synthase flux (V CS ). Importantly, ACCi treatment markedly reduced HFSD-induced hepatic steatosis, which correlated with a significant reduction in hepatic DAGs, PKCɛ translocation, and improved hepatic insulin signaling at the level of the insulin receptor kinase. Steatosis reduction was also observed in mice on an FFD for 5 months. In rats, 21-day inhibition of ACC increased hepatic acetyl-CoA levels and HGP. Because this may serve to offset improvements in hepatic insulin sensitivity, it remains to be determined whether allosteric inhibition of hepatic ACC would have therapeutic benefit in treating fasting hyperglycemia in patients with NAFLD and T2DM. Moreover, ACCi treatment led to a significant rise in plasma triglycerides in HFSD-fed rats and FFD-fed mice. These effects were mediated by a reduction in hepatic PUFA levels and disequilibrium in nuclear hormone receptor expression that, in rats, resulted in increased hepatic VLDL secretion and reduced systemic triglyceride clearance. Although increased hypertriglyceridemia has been observed across species and in the clinic, preclinical and clinical data suggest that coadministration with a PPARα agonist can ameliorate hypertriglyceridemia induced by ACC inhibition.
